Introduction {#Sec1}
============

The anterior cingulate cortex has been demonstrated to be an important brain region in psychopathology as neuroimaging studies have shown dysfunctional anterior cingulate cortex activity in many neuropsychiatric disorders^[@CR1]^. The success of bilateral cingulotomy psychosurgery in relieving psychiatric symptoms further supports the role of the dorsal anterior cingulate cortex in the regulation of emotional behavior^[@CR1]^. Recently, a subregion of the anterior cingulate cortex more specifically the dorsal anterior cingulate cortex (dACC), a node in the 'salience' network, has been identified to be a core region affected across most psychiatric disorders, representing a promising target for invasive and non-invasive neuromodulation^[@CR2],[@CR3]^.

In the past decades, invasive and non-invasive neuromodulation have been investigated to target deeper brain areas, such as the dACC. These techniques are interesting as they can extend the investigation of brain functions by disrupting or normalizing neural activity transiently^[@CR4]--[@CR6]^. Invasive brain stimulation techniques targeting the dACC, such as deep brain stimulation, have been investigated in patients with pain^[@CR7]--[@CR10]^, tinnitus^[@CR11]^, alcohol addiction^[@CR12]^, and obsessive-compulsive disorder^[@CR13]^ and have resulted in relevant symptom reduction. With the development of more innovative brain stimulation techniques, non-invasive brain stimulation such as double-cone coil (DCC) repetitive transcranial magnetic stimulation (rTMS) has demonstrated the capability to target deeper brain areas (depths of approximately 4 cm), such as the dACC, as a research tool in healthy subjects and as a treatment tool in patient populations. Hayward and colleagues (2004, 2007) and Harmer and colleagues (2001) have indicated that they were able to target the dACC with DCC rTMS to investigate the role of the dACC in cognitive, affective, and emotional processing in healthy subjects^[@CR4],[@CR14],[@CR15]^. DCC rTMS targeting the dACC has also demonstrated its use in treating various disorders including depression^[@CR16]^, obsessive-compulsive disorder^[@CR17],[@CR18]^, alcohol addiction^[@CR12],[@CR19]^, and tinnitus^[@CR11],[@CR20],[@CR21]^ and in investigating pain in patients with chronic disorders of consciousness^[@CR22]^. Studies have also examined other rTMS coil approaches to target deeper structures^[@CR23]--[@CR25]^. Although rTMS is considered an important investigational and treatment tool to target the dACC and other deeper structures, it has some adverse effects, including possible induction of seizure, headache, local pain, and discomfort^[@CR26],[@CR27]^.

Researchers are lately moving towards safer, non-invasive neuromodulation approaches using electrical stimulation, such as transcranial direct current stimulation (tDCS). TDCS uses continuous electrical current flowing from one electrode serving as the anode to another electrode serving as the cathode to modulate an area of interest^[@CR28]^. The effect of tDCS depends on the polarity of the stimulation. The simplest account for the effects of tDCS assumes a region of "increased excitability" in the cortex directly under the anodal electrode, and a region of "decreased excitability" under the cathode electrode^[@CR29]--[@CR31]^, with comparable proposed effects on the underlying cortices and their operations, such that anodal tDCS improves and cathodal tDCS worsens cognitive and behavioral functions supported by these regions^[@CR32],[@CR33]^. However, the translation of anodal and cathodal tDCS into a 'facilitation' (anodal = facilitation) or 'inhibition' (cathodal = inhibition) in cognitive and behavioral functions is often more complicated^[@CR33]--[@CR35]^. More recently, the technique of High Definition tDCS (HD-tDCS) has been introduced using arrays of smaller "high definition" electrodes to enable more complex (i.e. using multiple electrodes to set up a variation of montages to guide current flow, e.g. 4 × 1 electrode set up, 2 × 2 electrode set up,...)^[@CR36]^, and focal stimulation procedures^[@CR37]--[@CR42]^. Although studies have been examining HD-tDCS as a potential treatment for various disorders (e.g. refs^[@CR36],[@CR43]--[@CR45]^), more research is needed to determine whether HD-tDCS can target deeper brain structures. As the dACC is an important target for the treatment of different neurological and neuropsychiatric disorders, it is particularly important to explore whether HD-tDCS is capable of modulating this brain area.

To assess the function of the dACC and possible changes due to non-invasive neuromodulation, studies have frequently used the Stroop task since it is one of the most well-studied cognitive paradigms for investigating the anterior cingulate cortex, amongst other brain areas^[@CR1],[@CR46]^. Hayward and colleagues (2004, 2007) have used an adjusted computerized version of the Stroop task, namely a cognitive Counting Stroop task, to examine whether DCC rTMS is capable of modulating the dACC^[@CR14],[@CR15]^. Research had previously demonstrated that the cognitive Counting Stroop task engages the dACC^[@CR47],[@CR48]^, whereas the emotional Counting Stroop task is supported by the rostral/ventral anterior cingulate cortex in healthy subjects^[@CR47],[@CR49]^. However, the role of the dACC in emotional processing remains unclear because the emotional Counting Stroop task was not administered in these studies. The dACC has deliberately been targeted using lesioning techniques (i.e. cingulotomy psychosurgery) and neuromodulation techniques (e.g. deep brain stimulation, TMS) for the treatment of various disorders, including obsessive-compulsive disorders, pain, addiction, and tinnitus (e.g. refs^[@CR7],[@CR11]--[@CR13],[@CR19],[@CR23],[@CR50],[@CR51]^). These findings point to a more general role of the dACC than involvement in cognitive processing alone. By using an adjusted Counting Stroop task that includes both cognitive and emotional components of the task, it becomes possible to assess the potential role of the dACC in cognitive and emotional processing by viewing the behavioral changes in these tasks following HD-tDCS. Other assessments were included in the study to control for other effects, such as anxiety (State-Trait Anxiety Inventory), general attention, and executive functions (Trail Making Tests A and B).

The objective of this study is to explore the effects of HD-tDCS targeting the dACC. First, we want to examine whether we can affect dACC activity using anodal and cathodal HD-tDCS measured via resting-state Electroencephalography (EEG). We hypothesize that HD-tDCS is able to modify dACC activity using anodal and cathodal stimulation. Second, we aim to investigate what effect anodal and cathodal HD-tDCS targeting the dACC have on cognitive and emotional processing using a cognitive and emotional Counting Stroop task. We hypothesize that anodal HD-tDCS will result in a general (cognitive and emotional) improvement (i.e. facilitation) in the cognitive and emotional Counting Stroop task. Regarding cathodal HD-tDCS, we do not expect any decline (i.e. inhibition) in behavioral performance in the cognitive and emotional Counting Stroop task as previous studies have shown that cathodal stimulation does not always result in decreased behavioral performance.

Method {#Sec2}
======

Study design and procedure {#Sec3}
--------------------------

The study was designed as a prospective, single-blinded, placebo controlled, randomized parallel-group study. Participants were first screened over the phone (e.g. handedness, HD-tDCS contraindications, neurological impairments) prior to enrolling into the study. Furthermore, study instructions were emailed to the participants to make sure that they abstain from alcohol for 24 hours prior to the study session, that they do not use any hair products (hair gel, hair spray, hair conditioner, etc.) on the day of the study session and that they do not consume any caffeinated products or nicotine for at least 1 hour prior to the study session. On the day of the study session, written informed consent was obtained from all individuals included in the study. The study was in accordance with the ethical standards of the Helsinki declaration (1964) and was approved by the Institutional Review Board of the University of Texas at Dallas. After baseline measurements (i.e. cognitive and emotional Counting Stroop task, 15 minutes; Trail Making tests, \~3 minutes; State-Trait Anxiety Inventory, \~2 minutes; resting-state EEG, \~30 minutes set-up, 5 minutes recording, \~15 minutes clean up), the patients were randomly assigned to one of the three groups: anodal HD-tDCS, cathodal HD-tDCS, or sham HD-tDCS targeting the dACC. All groups received one HD-tDCS procedure (\~5 minutes set up, 20 minutes HD-tDCS, \~5 minutes clean up) followed by post measurements (i.e. resting-state EEG, \~30 minutes set-up, 5 minutes recording; cognitive and emotional Counting Stroop task, 15 minutes; Trail Making tests, \~3 minutes; State-Trait Anxiety Inventory, \~2 minutes) and a questionnaire about their HD-tDCS experience (approximately 5 minutes). The questionnaire was based on the tDCS adverse effects questionnaire proposed by Brunoni and colleagues (2011)^[@CR52]^. The participants were compensated for their time completing the session. See Fig. [1](#Fig1){ref-type="fig"} for study design.Figure 1Study design.

Participants {#Sec4}
------------

The participants were 45 healthy, right-handed adults (23 male, 22 female; mean age 23.52 years, *Sd* = 4.01 years). Their handedness was assessed by the Edinburgh Handedness Inventory^[@CR53]^. A brief screening assessment determined that no one had a history of medical, neurological, or psychiatric disorders or any (HD-) tDCS contraindications. All subjects had normal or corrected to normal vision, no subject was taking medication or drugs and only 4 nicotine smokers were included in the study.

High Definition--transcranial Direct Current Stimulation {#Sec5}
--------------------------------------------------------

Direct current was transmitted through 5 circular Ag/AgCl Electrodes (1 cm radius) with conductive gel on a neoprene head cap and delivered by a battery-driven, wireless multichannel transcranial current stimulator (Starstim tCS®, <http://www.neuroelectrics.com>). For all subjects, we used a montage where the central electrode was placed over the dACC and the 4 return electrodes were spread over the forehead. Having 1 target electrode and 4 return electrodes spread over the forehead have been chosen over a classic 4 × 1 ring HD-tDCS configuration (e.g. refs^[@CR36],[@CR41],[@CR44],[@CR45],[@CR54]--[@CR56]^) or a 2 × 2 HD-tDCS montage (e.g. ref.^[@CR36]^) for several reasons. First, Dasilva and colleagues have found that these HD-tDCS montages (i.e. 4 × 1 ring configuration and 2 × 2 montage) enhanced the focality, but stimulated less deeply than the conventional tDCS montages^[@CR36]^. Therefore, we opted to echo the conventional tDCS set up aiming to target a deeper brain region having one target electrode, but instead of having one large return electrode to reduce unwanted excitability changes under the return electrode^[@CR57],[@CR58]^ we have opted to use multiple smaller return electrodes that were placed at a certain distance from the target electrode^[@CR59]^. Furthermore, the choice of using a 5 electrode HD-tDCS configuration instead of conventional tDCS has the advantage that the 4 × 1 ring configuration has shown that the diffusion of return current along the four electrodes resulted in a more unidirectional modulation such that the polarity of the center electrode (anode or cathode) determines the primary change in excitation as opposed to the conventional tDCS where both anodal and cathodal effects must be considered^[@CR40],[@CR44],[@CR55],[@CR60]^. Second, we intended to realize the peak electrical field somewhere midway between the center and return electrodes where the dACC is located, resembling a conventional tDCS configuration (except using 4 return electrodes instead of one big electrode)^[@CR37]^. Previous research has demonstrated that the peak of the electrical field using the 4 × 1 HD-tDCS is right under the center electrode, whereas using conventional tDCS the electrical field peaked midway between the two electrodes instead of underneath one of them^[@CR37],[@CR61]^. Using this configuration we aimed to control the direction of the electrical field going from the center electrode passing through the dACC, with the peak electrical field at the dACC, and then exiting at the forehead. We have used a computational model by 'Simulation of Non-Invasive Brain Stimulation' (SimNIBS, <http://simnibs.de/>) to cross validate our set-up showing that we would be able to stimulate the dACC before the start of the study (see Fig. [2](#Fig2){ref-type="fig"}). The site for stimulation was determined by the International 10/20 Electroencephalogram System corresponding to FZ for the central electrode and Fp1, Fp2, F7, and F8 for the return electrodes. For anodal stimulation (15 participants), the central electrode was programmed as the anode and for cathodal stimulation (15 participants) the central electrode was set as the cathode. The direct current was initially increased in a ramp-like fashion over 60 seconds until it reached 1 mA. The HD-tDCS stimulation procedure was maintained for a total of 20 minutes and then decreased in a ramp-like fashion over 60 seconds. Fifteen participants received sham HD-tDCS, in which the placement of the electrodes was identical to real HD-tDCS stimulation. The direct current in the sham procedure was also increased in a ramp-like fashion over 60 seconds until it reached 1 mA. Then, the current intensity was gradually reduced (ramp down) over 60 seconds until being switched off. This was followed by 20 minutes without active stimulation. Thus, the sham session lasted as long as the real HD-tDCS session to appropriately blind the procedure. The rationale behind this sham procedure was to mimic the transient skin sensation at the beginning of real HD-tDCS without producing any conditioning effects on the brain.Figure 2SimNIBS simulation of HD-tDCS study set up (**a**) head model setup, (**b**) brain model setup, (**c**) coronal view of current, (**b**) sagittal view of current.

Cognitive and emotional Counting Stroop Task {#Sec6}
--------------------------------------------

The cognitive and emotional Counting Stroop task is a combination of the Counting Stroop task and the emotional Counting Stroop task and was used in this study to explore the cognitive and emotional processing of the participants right before and right after the HD-tDCS procedure. The Counting Stroop task requires subjects to count the number of words in a display of words that denote a number (e.g. the word 'three' written twice) compared to a neutral condition (e.g. the word 'dog' written once) by pushing one of four buttons^[@CR14],[@CR48]^. Reaction time to count these words is typically greater in the incongruent condition (e.g. the word 'three' written twice) compared to the neutral condition, i.e. the Stroop effect^[@CR14],[@CR48]^. The emotional Counting Stroop task requires subjects to count the number of emotionally aroused words in a display of words that denote an emotion (e.g. the word 'danger' written twice) compared to a neutral condition (e.g. the word 'cabinet' written once) by pushing one of four buttons. It has been demonstrated in healthy subjects that highly aroused words elicit more interference than stimuli with low arousal^[@CR62]^. Thus, the reaction time to count these emotionally aroused words is typically slower than counting neutral words (i.e. emotional interference).

In the cognitive blocks, the cognitive words represented written numbers (i.e. one, two, three, four) and the control words depicted animals (i.e. dog, cat, bird, fish), similar to the study of Bush and colleagues (1998). In the emotional blocks, the emotionally aroused words consisted of general negative words and the control words depicted household items, similar to the 1998 study by Whalen and Colleagues (see Table [1](#Tab1){ref-type="table"}). The experiment consisted of six test blocks with a break after the third block. Block 1 and 2 were cognitive blocks that each consisted of 40 trials (12 consistent trials, 12 inconsistent trials, and 16 neutral trials randomly alternated), whereas Block 3 was an emotional block with 32 trials (16 emotional trials and 16 neutral trials randomly alternated). These three blocks were repeated after a 1 minute break where participants could take a break and relax their fingers. Each trial was displayed for 1.5 seconds followed by a fixation cross for 0.5 seconds (inter stimulus interval = 0.5 seconds). Prior to the six test blocks, the subjects first completed one practice block with five novel neutral words (i.e. porch, corridor, dishwasher, fan, mailbox) presented twice with feedback to make sure they practiced well enough on the task components of counting and button pressing, but without seeing the words to be tested in the test blocks. The experiment was displayed on a computer screen using Presentation software, and participants reported their answers by pushing one of four buttons on the keyboard using their right or left index or middle finger (1 = middle finger left hand, 2 = index finger left hand 3 = index finger right hand, 4 = middle finger right hand).Table 1Word stimuli used for present cognitive and emotional Counting Stroop Task.Neutral (Cognitive)CognitiveDogOneCatTwoBirdThreeFishFour**Neutral (Emotional)Emotional**TableMirrorViolenceClosetBowlDeceitCorridorCabinetMurderFanDishwasherContemptCushionMailboxPainfulCurtainHazardPanTorturePorchDanger

Control assessments {#Sec7}
-------------------

### State-Trait Anxiety Inventory (STAI) {#Sec8}

This questionnaire was used to control for the possible^[@CR63]^ influence of anxiety on the performance of the emotional Counting Stroop task^[@CR62]^ and to measure possible effects of the HD-tDCS procedure on anxiety. The STAI consists of 40 statements, 20 measuring 'trait' anxiety and 20 measuring 'state' anxiety. In this study, 'trait' and 'state' anxiety were measured at baseline and only 'state' anxiety was measured after the HD-tDCS procedure. The 'trait' anxiety scale requires the participants to describe how they feel 'in general' on 20 statements, whereas the 'state' anxiety scale requires the participants to describe how they feel 'now, at the present moment' on 20 statements on a scale from 1 to 4 (1 = absolutely not, 2 = a little, 3 = much, 4 = very much). The higher the corrected total score, the greater the anxiety level.

### Trail Making Tests (TMT) A and B {#Sec9}

These tests were included to measure possible effects^[@CR64]^ of the HD-tDCS procedure on general attention and executive function of alternating sequencing. TMT A measures processing speed and simple attention, while TMT B utilizes the same components as TMT A, plus the additional executive function of alternating sequencing. This test requires participants to connect a sequence of 25 consecutive targets on a sheet of paper as quickly as possible. For TMT A, the targets are all numbers and the task is to connect the numbers in sequential order (i.e. 1, 2, 3, ...), while for TMT B, the targets alternate between numbers and letters (i.e. 1, A, 2, B, ...).

Resting-state Electroencephalography and source localization {#Sec10}
------------------------------------------------------------

Electroencephalography (EEG) data collection recordings (Neuroscan, <http://compumedicsneuroscan.com/>) were obtained in a quiet room while each participant was sitting upright in a comfortable chair. The participants' EEGs were collected immediately before and after HD-tDCS. The scalp was cleaned with alcohol wipes before the baseline EEG recording. After the baseline EEG recoding, the hair was washed and dried before the HD-tDCS session. After the HD-tDCS session, the conductive gel was cleaned up before the post EEG recoding. The EEG was sampled with 64 electrodes in the standard 10--10 International placement and impedances were checked to remain below 5 kΩ. Data were collected eyes-closed (sampling rate = 1 kHz, band passed DC--200 Hz) and collection took \~ 5 minutes. The midline reference was located at the vertex and the ground electrode was located at AFZ. Participants were instructed not to drink alcohol for 24 hours prior to EEG recording or caffeinated beverages one hour before recording to avoid alcohol- or caffeine-induced changes in the EEG stream^[@CR65]--[@CR67]^. The alertness of participants was checked by monitoring both slowing of the alpha rhythm and appearance of spindles in the EEG stream to prevent possible enhancement of the theta power due to drowsiness during recording^[@CR68]^. No participants included in the current study showed such EEG changes during measurements. The data were then resampled to 128 Hz, band-pass filtered (fast Fourier transform filter) to 2--44 Hz, and re-referenced to the average reference using EEGLAB 13_1\_1b. The data were then plotted in EEGLAB for a careful inspection of artifacts and all episodic artifacts suggestive of eye blinks, eye movements, jaw tension, teeth clenching, or body movement were manually removed from the EEG stream.

Standardized low-resolution brain electromagnetic tomography (sLORETA) was used to estimate the intracerebral electrical sources that generated the scalp-recorded activity in each of the 8 frequency bands, i.e., delta (2--3.5 Hz), theta (4--7.5 Hz), alpha1 (8--10 Hz), alpha2 (10.5--12 Hz), beta1 (12.5--18 Hz), beta2 (18.5--21 Hz), beta3 (21.5--30 Hz), and gamma (30.5--44 Hz). Standardized LORETA computes electrical neuronal activity as current density (A/m2) without assuming a predefined number of active sources. The sLORETA solution space consists of 6239 voxels (voxel size 5 × 5 × 5 mm) and is restricted to cortical gray matter and hippocampi, as defined by the digitized Montreal Neurological Institute (MNI) 152 template^[@CR69]^. Scalp electrode coordinates on the MNI brain are derived from the international 10--20 system^[@CR70]^.

The Tomography sLORETA has received validation from studies combining LORETA with other more established methods such as fMRI^[@CR71],[@CR72]^, structural MRI^[@CR73]^ and PET^[@CR74]--[@CR76]^. Further sLORETA validation has been based on accepting as ground truth that the localization findings obtained from invasive implanted depth electrodes, in which case there are several studies in epilepsy^[@CR77],[@CR78]^ and cognitive ERPs^[@CR79]^. It is worth mentioning that deep structures such as the anterior cingulate cortex^[@CR80]^, and medial temporal lobes^[@CR81]^ can be correctly localized with these methods. In the current implementation of sLORETA, computations were made in a realistic head model^[@CR69]^, using the MNI 152 template^[@CR82]^, with the three-dimensional solution space restricted to cortical gray matter, as determined by the probabilistic Talairach atlas^[@CR83]^. The standard electrode positions on the MNI 152 scalp were taken from^[@CR70]^ and^[@CR84]^. The intracerebral volume in partitioned in 6239 voxels at 5 mm spatial resolution. Thus, sLORETA images represent the standardized electrical activity at each voxel in neuroanatomic Montreal Neurological Institute (MNI) space as the exact magnitude of the estimated current density. Anatomical labels as Brodmann areas are also reported using MNI space, with correction to Talairach space^[@CR85]^.

Data Analysis {#Sec11}
-------------

### Behavioral data {#Sec12}

SPSS version 22.0 was used for all statistical analyses on the behavioral data. For the cognitive Counting Stroop task, we applied a repeated measures ANOVA with stimulation (anodal HD-tDCS, cathodal HD-tDCS, sham HD-tDCS) as the between-subjects variable and time (pre vs. post stimulation) and condition (congruent vs. incongruent) as within-subjects variables. A similar analysis was applied for the emotional Counting Stroop task. These analysis were applied on the entire sample as well as on a sample where the 4 nicotine smokers in our sample (1 in anodal, two in cathodal and 1 in sham group) were excluded to control for any effect of nicotine withdrawal on Stroop task performance^[@CR86]--[@CR88]^. For the STAI and the Trail Making tests a repeated measures ANOVA was applied with stimulation (anodal HD-tDCS, cathodal HD-tDCS and sham HD-tDCS) as the between subjects variable, and time point (pre vs post stimulation) for the STAI and the Trail Making tests, respectively, as within subjects variable. To further analyze the conditional effects, we used two-sample t-tests.

### Resting-state EEG data {#Sec13}

Average Fourier cross-spectral matrices were computed for bands delta (2--3.5 Hz), theta (4--7.5 Hz), alpha1 (8--10 Hz), alpha2 (10.5--12 Hz), beta1 (12.5--18 Hz), beta2 (18.5--21 Hz), beta3 (21.5--30 Hz), and gamma (30.5--44 Hz). Source localization Standardized low-resolution brain electromagnetic tomography (sLORETA) was used to estimate the intracerebral electrical sources that generated the scalp-recorded activity in each of the eight frequency bands^[@CR89]^. The methodology used is a non-parametric permutation test. It is based on estimating, via randomization, the empirical probability distribution for the max-statistic under the null hypothesis comparisons^[@CR90]^. This methodology corrects for multiple testing (i.e. for the collection of tests performed for all voxels, and for all frequency bands). Due to the non-parametric nature of this method, its validity does not rely on any assumption of Gaussianity^[@CR90]^. The significance threshold for all tests was based on a permutation test with 5000 permutations. Comparisons were made between the pre and post HD-tDCS measurements. The comparison was performed on a whole brain by sLORETA statistical contrast maps through multiple voxel-by-voxel comparisons in a logarithm of *t*-ratio.

Results {#Sec14}
=======

Demographics {#Sec15}
------------

A comparison between the three groups (anodal, cathodal and sham) revealed no significant effect between the different groups for age (*F* = 0.51, *p* = 0.61) and gender (χ^2^ = 0.37, *p* = 0.93).

High Definition--transcranial Direct Current Stimulation experience {#Sec16}
-------------------------------------------------------------------

HD-tDCS was well tolerated and no HD-tDCS related complications were noted by the participants or the experimenter during the HD-tDCS procedure. The most common side-effects related to the HD-tDCS procedure, as reported by active and sham HD-tDCS groups, were tingling (real: 33.33% and sham: 58.33%), itching (real: 33.33% and sham: 33.33%), and burning sensation (real: 22.22% and sham: 13.33%). In this study, 57% of the participants were able to guess what condition they received (real or sham tDCS) using this conventional sham method.

Control variables {#Sec17}
-----------------

### STAI {#Sec18}

The mean trait anxiety score in our sample was 34.39 (SD = 8.84) and the mean state anxiety score was 29.09 (*Sd* = 8.72) at baseline. A univariate ANOVA revealed that there were no significant differences between the three groups (anodal-cathodal-sham) in the baseline measure on trait (*F* = 0.27, *p* = 0.76) or state (*F* = 0.43, *p* = 0.65) anxiety. To assess the effect of HD-tDCS on anxiety, we compared the mean state anxiety scores by stimulation group (anodal-cathodal-sham) over time (pre-post) using a repeated measures ANOVA. The repeated measures ANOVA did not show a significant main effect for time (pre-post) (*F* = 2.08, *p* = 0.16) nor did it show a significant interaction effect (time x group) (*F* = 1.46, *p* = 0.25).

### Trail Making Tests A and B {#Sec19}

To assess the effect of HD-tDCS on the performance of Trails A and B, we compared the average reaction time (in seconds) by stimulation group (anodal-cathodal-sham) over time (pre-post) using repeated measures ANOVA. Neither Trail A (*F* = 1.33, *p* = 0.28) nor Trial B (*F* = 1.28, *p* = 0.29) yielded a significant interaction effect between time x stimulation group, but there was a significant main effect for time for Trails A (*F* = 22.83, *p* \< 0.001) and B (*F* = 19.21, *p* \< 0.001). For all groups we found that post-stimulation performance (Anodal *M* = 18.17 s, *Sd* = 6.17; Cathodal *M* = 17.96 s, *Sd* = 4.56; Sham *M* = 18.32 s, *Sd* = 4.60) was faster than pre-stimulation performance (Anodal *M* = 22.93 s, *Sd* = 6.43; Cathodal *M* = 20.12 s, *Sd* = 3.60; Sham *M* = 23.86 s, *Sd* = 8.54) for Trail A. For Trail B, post-stimulation (Anodal *M* = 38.04 s, *Sd* = 7.06; Cathodal *M* = 36.67 s, *Sd* = 12.85; Sham *M* = 37.42 s, *Sd* = 9.71) also showed faster performance than pre-stimulation (Anodal *M* = 44.33 s, *Sd* = 6.90; Cathodal *M* = 39.66 s, *Sd* = 11.10; Sham *M* = 45.37 s, *Sd* = 15.84).

The cognitive blocks of the Counting Stroop Task - Reaction times and errors {#Sec20}
----------------------------------------------------------------------------

A comparison between the three different groups (anodal, cathodal and sham) at baseline showed no significant difference for the congruent (*F* = 0.64, *p* = 0.53) or the incongruent trials (*F* = 0.35, *p* = 0.71). In addition, we have compared the three different groups (anodal, cathodal and sham) after stimulation showing no significant difference for the congruent (*F* = 0.39, *p* = 0.68) as well as for the incongruent trials (*F* = 0.22, *p* = 0.80).

To assess the efficacy of HD-tDCS targeting the dACC, we compared the mean reaction time on the cognitive blocks of the Counting Stroop task by applying a repeated measures ANOVA with stimulation group (anodal-cathodal-sham) as the between-subjects variable and time (pre vs. post stimulation) and condition (congruent vs. incongruent) as within-subjects variables. The analysis revealed a significant main effect for condition (*F* = 153.37, *p* \< 0.001) as well as for time (*F* = 60.40, *p* \< 0.001). For condition, we saw that subjects in general were slower for incongruent trials (*M* = 624.63 ms, *Sd* = 86.50) in comparison to congruent trials (*M* = 543.66 ms, *Sd* = 57.74). For time, we found that post-stimulation (*M* = 559.26 ms, *Sd* = 57.74) responses in general were faster than pre-stimulation (*M* = 609.03 ms, *Sd* = 51.99). In addition, a significant three-way interaction effect was obtained between time × condition × group (*F* = 3.74, *p* = 0.033) (See Table [2](#Tab2){ref-type="table"}). Further exploration of this effect showed that there was no significant difference between the three groups for the congruent trials (*t* = 0.18--0.88, *p* = 0.39--0.86), while for the incongruent trials the anodal group subjects responded faster after HD-tDCS targeting the dACC in comparison to the cathodal group subjects after cathodal HD-tDCS targeting the dACC (*t* = 2.14, *p* = 0.041) or the sham group subjects after the sham procedure (*t* = 2.26, *p* = 0.032) (see Fig. [3](#Fig3){ref-type="fig"}). The significant three-way interaction between time × condition × group remained even when excluding the 4 smokers (1 in anodal, 2 in cathodal and 1 in sham group) from the analysis (*F* = 4.22, *p* = 0.023). To investigate the effect of anxiety on the counting Stroop performance, we added state anxiety as a covariate to the analysis. Adding state anxiety as covariate to the analysis did not affect the three-way interaction (*F* = 0.45, *p* = 0.51) and the significant effect remained. No significant difference was demonstrated between the cathodal and the sham group (*t* = 0.38, *p* = 0.71) (see Fig. [3](#Fig3){ref-type="fig"}). No significant effect was shown for group (*F* = 0.08, *p* = 0.92), or for the two-way interaction of condition × group (*F* = 0.54, *p* = 0.59), time × group (*F* = 0.40, *p* = 0.67), or condition × time (*F* = 0.33, *p* = 0.57).Table 2Reaction times for pre and post anodal, cathodal, sham HD- tDCS targeting the dorsal anterior cingulate cortex for the cognitive and emotional Stroop task.GroupStimulationDifferencePre (ms) (SD)Post (ms) (SD)(ms) (SD)Congruent TrialsAnodal568.64 (65.01)523.38 (53.18)45.26 (34.92)Cathodal563.42 (62.81)520.48 (51.38)42.94 (36.24)Sham570.82 (67.47)515.24 (55.19)55.58 (33.73)Incongruent TrialsAnodal663.29 (93.68)591.01 (82.81)72.28 (53.08)Cathodal637.13 (90.50)590.98 (79.65)46.15 (53.28)Sham650.88 (92.21)612.49 (85.55)38.39 (53.08)Emotional TrialsAnodal590.287 (63.82)558.040 (63.70)32.25 (35.03)Cathodal584.577 (68.56)529.085 (68.40)55.49 (33.88)Sham564.167 (63.82)545.253 (63.70)18.91 (35.03)Control TrialsAnodal584.737 (60.81)558.027 (63.29)26.71 (37.48)Cathodal574.950 (65.33)541.623 (67.98)33.33 (40.26)Sham571.923 (60.81)540.267 (63.33)31.66 (37.48)Figure 3(**A**) A comparison between the effect of HD-tDCS (=pre--post) showed no significant difference between the three groups (anodal, cathodal, sham) for the congruent trials while for the incongruent trials the anodal group was faster after HD-tDCS targeting the dorsal anterior cingulate cortex in comparison to the cathodal or sham groups. (**B**) A comparison between the effect of HD-tDCS (=pre--post) showed no significant difference between the three groups (anodal, cathodal, sham) for the control trials, while on the emotional trials, the cathodal group was faster after HD-tDCS targeting the dorsal anterior cingulate cortex in comparison to the anodal or sham groups.

A repeated measures ANOVA on the number of errors with stimulation group (anodal-cathodal-sham) as the between-subjects variable and time (pre- vs. post stimulation) and condition (congruent vs. incongruent) as within-subjects variables revealed no significant effects.

The emotional blocks of the Counting Stroop Task - Reaction times and errors {#Sec21}
----------------------------------------------------------------------------

A comparison between the three different groups (anodal, cathodal and sham) at baseline showed no significant difference for the emotional (*F* = 0.69, *p* = 0.51) as well as for the neutral trials (*F* = 0.58, *p* = 0.57). In addition, we compared the three different groups (anodal, cathodal and sham) after stimulation showing no significant difference for the emotional (*F* = 0.31, *p* = 0.74) as well as for the neutral trials (*F* = 0.34, *p* = 0.72).

A repeated measures ANOVA with stimulation group (anodal-cathodal-sham) as the between- subjects variable and time (pre- vs. post- stimulation) and condition (emotional vs. control) as the within-subjects variables was conducted. This analysis revealed a main effect for time (*F* = 33.98, *p* \< 0.001), indicating that post-stimulation (*M* = 547.05, *Sd* = 64.01) responses in general were faster than pre-stimulation (*M* = 578.44, *Sd* = 62.05). Also, a significant three-way interaction was obtained between time × condition × group (*F* = 3.45, *p* = 0.042) (See Table [2](#Tab2){ref-type="table"}). Further exploration of this effect showed that there was no significant difference between the three groups for the control trials (*t* = 0.11--0.46, *p* = 0.65--0.91). For the emotional trials, the cathodal group subjects were found to respond faster after HD-tDCS targeting the dACC in comparison to the anodal group subjects after anodal HD-tDCS targeting the dACC (*t* = 1.74, *p* = 0.047) or the sham group subjects after the sham procedure (*t* = 1.98, *p* = 0.028) (see Fig. [3](#Fig3){ref-type="fig"}). The significant three-way interaction between time × condition × group remained even when excluding the 4 smokers (1 in anodal, 2 in cathodal and 1 in sham group) from the analysis (*F* = 3.16, *p* = 0.049). To investigate the effect of anxiety on emotional processing, i.e. the emotional counting Stroop performance, we added state anxiety as a covariate to the analysis. Adding state anxiety (*F* = 0.09, *p* = 0.76) as a covariate to the analysis did not affect the three-way interaction, the significant effect remained. No significant main effects were obtained for condition (*F* = 0.35, *p* = 0.56), or group (*F* = 0.09, *p* = 0.76), and no significant two-way interactions for condition × group (*F* = 0.40, *p* = 0.67), time × group (*F* = 0.35, *p* = 0.70), and condition × time (*F* = 0.16, *p* = 0.69) were found.

A repeated measures ANOVA on the number of errors with stimulation group (anodal-cathodal-sham) as the between-subjects variable and time (pre- vs. post-stimulation) and condition (congruent vs incongruent) as within-subjects variables revealed no significant effects.

Resting-state EEG {#Sec22}
-----------------

A comparison between the 3 different groups (anodal, cathodal and sham) at baseline (before stimulation) did not show any significant effects when applying a pairwise comparison for the delta, theta, alpha1, alpha2, beta1, beta2, beta3, and gamma frequency bands.

A comparison between before and after source-localized EEG for the anodal group only revealed a significant difference for the beta3 frequency band (*F* = 4.82, *p* \< 0.01) (see Fig. [4](#Fig4){ref-type="fig"}). This analysis showed increased activity overlaying the anterior cingulate cortex, pre-supplementary motor cortex extending into the orbitofrontal cortex after anodal stimulation in comparison to pre-stimulation. No significant effect was obtained for the delta, theta, alpha1, alpha2, beta1, beta2, and gamma frequency bands when comparing before and after whole brain source-localized EEG recording.Figure 4A comparison between before and after source localized EEG for the anodal group revealed a significant difference for the beta3 frequency band (*F* = 4.82, *p* \< 0.01) showing increased activity overlaying the anterior cingulate cortex, pre-supplementary motor cortex extending into the orbitofrontal cortex after anodal stimulation in comparison to pre-stimulation. No significant effects were obtained for the delta, theta, alpha1, alpha2, beta1, beta2, and gamma frequency bands.

A comparison between before and after source-localized EEG for the cathodal group only showed a significant difference for the theta frequency band (*F* = 3.63, *p* \< 0.05) (see Fig. [5](#Fig5){ref-type="fig"}). This analysis showed increased activity overlaying the dACC extending into the rostral anterior cingulate cortex after cathodal stimulation in comparison to pre-stimulation. No significant effect was obtained for the delta, alpha1, alpha2, beta1, beta2, beta3, and gamma frequency band throughout the whole brain.Figure 5A comparison between before and after source-localized EEG for the cathodal group showed a significant difference for the theta frequency band (*F* = 3.63, *p* \< 0.05) showing increased activity overlaying the dorsal anterior cingulate cortex extending to the rostral anterior cingulate cortex after cathodal stimulation in comparison to pre-stimulation. No significant effects were obtained for the delta, alpha1, alpha2, beta1, beta2, beta3 and gamma frequency bands.

A comparison between before and after source-localized EEG for the sham group demonstrated no significant effect for the delta, theta, alpha1, alpha2, beta1, beta2, beta3, and gamma frequency bands throughout the whole brain.

A comparison between the three different groups (anodal, cathodal and sham) after stimulation revealed different significant effects. The comparison between anodal and sham stimulation demonstrated a significant difference for the beta3 frequency band (*F* = 2.33, *p* \< 0.01) (see Fig. [6](#Fig6){ref-type="fig"}). This analysis showed increased activity overlaying the dACC extending into the pregenual anterior cingulate cortex, the posterior cingulate cortex, and orbitofrontal cortex, for anodal stimulation in comparison to sham stimulation. No significant effect was obtained for the delta, theta, alpha1, alpha2, beta1, beta2 and gamma frequency bands. The comparison between cathodal and sham stimulation showed a significant difference for the theta frequency band (*F* = 2.83, *p* \< 0.05) (see Fig. [7](#Fig7){ref-type="fig"}). This analysis showed increased activity overlaying the rostral anterior cingulate cortex extending into the pregenual anterior cingulate cortex, ventromedial prefrontal cortex, and orbitofrontal cortex and to a smaller extend to the posterior cingulate cortex after cathodal stimulation in comparison to sham stimulation. No significant effect was obtained for the delta, alpha1, alpha2, beta1, beta2, beta3, and gamma frequency band. For the comparison between anodal and cathodal stimulation it showed a significant difference for the beta3 frequency band (*F* = 2.64, *p* \< 0.05) (see Fig. [8](#Fig8){ref-type="fig"}). This analysis showed increased activity overlaying the anterior cingulate cortex extending into the pregenual anterior cingulate cortex, ventromedial prefrontal cortex for anodal stimulation in comparison to cathodal stimulation. No significant effect was obtained for the delta, theta, alpha1, alpha2, beta1, beta2, and gamma frequency bands.Figure 6A comparison between the three different groups (anodal, cathodal and sham) after stimulation revealed different significant effects. The comparison between anodal and sham stimulation demonstrated a significant difference for the beta3 frequency band (*F* = 2.33, *p* \< 0.01). This analysis showed increased activity overlaying the dACC extending into the pregenual anterior cingulate cortex, the posterior cingulate cortex, and orbitofrontal cortex, for anodal stimulation in comparison to sham stimulation. No significant effect was obtained for the delta, theta, alpha1, alpha2, beta1, beta2 and gamma frequency bands.Figure 7A comparison between the three different groups (anodal, cathodal and sham) after stimulation revealed different significant effects. The comparison between cathodal and sham stimulation showed a significant difference for the theta frequency band (*F* = 2.83, *p* \< 0.05) (see Fig. 7). This analysis showed increased activity overlaying the rostral anterior cingulate cortex extending into the pregenual anterior cingulate cortex, ventromedial prefrontal cortex, and orbitofrontal cortex and to a smaller extend to the posterior cingulate cortex after cathodal stimulation in comparison to sham stimulation. No significant effect was obtained for the delta, alpha1, alpha2, beta1, beta2, beta3, and gamma frequency band.Figure 8A comparison between the three different groups (anodal, cathodal and sham) after stimulation revealed different significant effects. For the comparison between anodal and cathodal stimulation it showed a significant difference for the beta3 frequency band (*F* = 2.64, *p* \< 0.05) (see Fig. 8). This analysis showed increased activity overlaying the anterior cingulate cortex extending into the pregenual anterior cingulate cortex, ventromedial prefrontal cortex for anodal stimulation in comparison to cathodal stimulation. No significant effect was obtained for the delta, theta, alpha1, alpha2, beta1, beta2, and gamma frequency bands.

Discussion {#Sec23}
==========

In this study, we investigated whether anodal and cathodal HD-tDCS were capable of modulating dorsal anterior cingulate cortex (dACC) activity, reflected in neurophysiological and behavioral changes. Source-localized resting-state EEG before and after HD-tDCS showed significant changes after both anodal and cathodal stimulation. Behavioral changes were also found after anodal and cathodal HD-tDCS. In this section, we will discuss our behavioral and neurophysiological findings in light of previous research findings and theories.

As expected, our results show a general Stroop effect in the cognitive Counting Stroop task at baseline. Participants showed significantly slower performance on the incongruent trials when compared to the congruent trials, which falls in line with previous literature^[@CR14],[@CR48]^. For the emotional Counting Stroop task, we did not demonstrate an emotional interference effect in the emotional trials compared to the control trials at baseline, which is consistent with the findings of Whalen and colleagues^[@CR49]^. It has been suggested that the degree that this version of the emotional Counting Stroop task represents a true 'Stroop' interference task, in the sense that emotional words will increase motor-response times compared to neutral words, depends upon the subjects of the study and the words that are presented^[@CR91]^. Much research on the emotional Stroop task has demonstrated that interference effects are observed in psychopathological groups in response to words that are specific to their disorder, and in normal subjects when the words are related to current concerns endorsed by them^[@CR91]^. It may be possible that the emotional words (i.e. general negative words from Whalen *et al*., 1998) in the task did not tap into the current concerns of our sample of healthy subjects resulting in the absence of an emotional interference effect at baseline.

Significant behavioral changes were also demonstrated after anodal and cathodal HD-tDCS targeting the dACC as measured by the cognitive and emotional Counting Stroop task. Our results show that participants responded significantly faster after the HD-tDCS procedure (anodal, cathodal, sham) when compared to their performance before the procedure in both the cognitive and the emotional parts of the Counting Stroop task. This might be due to a practice effect, but a closer look at the data shows that anodal and cathodal HD-tDCS generated differential performance effects. More specifically, the anodal HD-tDCS group was only faster in the incongruent trial (and not in the congruent trial) when compared with the cathodal and sham groups. On the other hand, the cathodal HD-tDCS group responded significantly faster in the emotional trials (and not in the neutral trials) when compared with the anodal and sham groups post stimulation. Previous research has suggested a more general function for the dACC as this brain region has been demonstrated to be involved in cognitive, affective, sensory and autonomic processing^[@CR92]--[@CR94]^ and also since the anterior cingulate cortex has deliberately been targeted in lesioning techniques (i.e. cingulotomy psychosurgery) and in neuromodulation techniques (e.g. deep brain stimulation, TMS) for the treatment of various disorders. However, using anodal HD-tDCS in our study only improved the performance on the cognitive component of the Counting Stroop task, not the emotional component.

Contradictory to our hypothesis, cathodal HD-tDCS targeting the dACC did reveal a facilitatory effect in the emotional trials (and not the neutral trials) of the emotional Counting Stroop task, even though there was no emotional interference effect found at baseline and even when controlling for trait or state anxiety. These findings do not support the conventional "anodal-excitation and cathodal-inhibition dual polarity hypothesis", as cathodal HD-tDCS did not result in slower performance on the emotional and cognitive part of the Counting Stroop task^[@CR33]--[@CR35]^. Previous research has already indicated that the relationship between facilitation and inhibition is often quite complex^[@CR33]--[@CR35]^. The anodal-excitation and cathodal-inhibition dual polarity effect, being anodal tDCS facilitating and cathodal tDCS worsening behavioral outcome^[@CR32],[@CR33]^, has not always been observed in all tDCS studies^[@CR34]^. The effect occurs quite commonly in motor investigations, but only rarely in cognitive studies^[@CR34]^. The facilitatory cathodal effect in the emotional Counting Stroop task cannot be explained by this theory.

As expected, the changes in cognitive and emotional processing due to anodal and cathodal HD-tDCS targeting the dACC cannot be explained by general attention or executive function as measured by Trail Making Tests A and B. However, these changes can partially be contributed by pre-supplementary motor area (pre-SMA) activity changes as targeting the dACC with our HD-tDCS set up inevitably passes through the pre-SMA area. The pre-SMA has been associated with inhibitory control in healthy subjects^[@CR95],[@CR96]^ as well as in patient populations, including obsessive-compulsive disorder^[@CR97],[@CR98]^. In healthy subjects, anodal transcranial direct current stimulation targeting the pre-SMA improved efficiency of inhibitory control^[@CR96]^ in a stop-signal task, whereas cathodal tDCS showed a tendency towards impaired inhibitory control^[@CR95]^. Similar results were found using rTMS targeting the pre-SMA^[@CR99],[@CR100]^. Therefore, findings of any cognitive and emotional processing changes due to our HD-tDCS set up have to be interpreted with caution.

Significant neurophysiological changes, measured with source-localized resting-state EEG, were also observed after anodal and cathodal HD-tDCS targeting the dACC. After stimulation, subjects in the anodal HD-tDCS condition showed a significant increase in beta frequency band activity in the dACC, while cathodal HD-tDCS led to a significant increase in activity at the dorsal and rostral anterior cingulate cortex in the theta frequency band. These neurophysiological findings fit with the behavioral findings indicating that cathodal HD-tDCS targeting the dACC does not follow the "anodal-excitation and cathodal-inhibition dual polarity hypothesis". However, any connection between the neurophysiological and behavioral results in our study needs to be interpreted with caution, as the EEG data were not recorded during task performance. Interestingly, the altered activity after cathodal HD-tDCS in this study was also seen in a more rostral anterior cingulate cortex area, whereas the altered activity after anodal HD-tDCS was only found in the targeted dACC area. This might suggest that different groups of neurons might react to the different types of stimulation (anodal vs. cathodal). Davis and colleagues (2005) have investigated neuronal activity during the cognitive and emotional Counting Stroop task and have demonstrated that the dACC contains a large group of neurons that respond to conflict interference in general, acting as salience detectors when faced with conflict or emotional stimuli. They further found that the dACC also contained a small group of cells that was responsive only in the emotional Counting Stroop task, but not in the cognitive Counting Stroop task^[@CR101]^. They suggest that the impact of this last type of neurons on behavior and cognition may depend on the balance of activity contributed by this neuron type within the dorsal and rostral anterior cingulate cortex^[@CR101]^. Based on these findings^[@CR101]^, we can hypothesize that the group of neurons involved in general (cognitive and emotional) interference may have reacted to both anodal and cathodal HD-tDCS, whereas the group of neurons only responsive to emotional trials may have reacted solely to cathodal HD-tDCS when we were targeting the dACC. This hypothesis fits with our imaging findings as anodal HD-tDCS only demonstrated changes in the dACC and cathodal HD-tDCS indicated changes in both dorsal and rostral anterior cingulate cortex.

Interestingly, previous research has already associated theta/beta ratio and theta/beta coupling with attentional control, response inhibition, and both affective traits and performance on emotional-cognitive experimental tasks^[@CR102]--[@CR104]^. In the context of the cognitive Stroop task specifically, it has been shown that the beta frequency band is sensitive to discrimination between congruent and incongruent items and that increased coherence between the left frontal and left parietal areas was observed for incongruent trials compared to congruent trials^[@CR105]^. This is consistent with a more recent time-frequency analysis study that shows greater association between the left frontal and parietal areas during incongruent tasks than in congruent tasks within a time interval of 100--400 ms in the beta frequency band. Changes in the beta frequency band have previously been found after 20 minutes of anodal tDCS targeting the prefrontal and motor cortices, suggesting that anodal tDCS changes the "ready state" to perform cognitive or motor tasks^[@CR106],[@CR107]^. Taken together, these findings support our data, which show that anodal stimulation modulates the beta frequency band. It also is consistent with data that shows that incongruent trials show greater modulation than the congruent trials in the cognitive Counting Stroop task. On the other hand, the theta frequency band has been associated with post-response monitoring and is believed to reflect voluntary control processing^[@CR108]--[@CR110]^, emotional processing^[@CR111]^, action regulation^[@CR112],[@CR113]^, and emotional decision making^[@CR114]^.Cathodal tDCS has been demonstrated to significantly increase both theta rhythms and local connectivity in the theta band range^[@CR115],[@CR116]^. This pattern is also demonstrable in animals; increased theta activity in the cerebral cortex of cats has been demonstrated after cathodal tDCS^[@CR117]^. It might be possible that participants at perform better on the emotional Counting Stroop task due to increasing theta activity after cathodal tDCS. It is however not clear why this is selective for the emotional trials and not for the control trials.

In conclusion, this study demonstrated that HD-tDCS is able to modulate activity in the dACC, suggesting that it has potential for use as a treatment tool. This finding may have implications for the development of new HD-tDCS treatment protocols for neuropsychiatric disorders and has the potential to replace invasive or other non-invasive neuromodulation techniques. The stimulation protocol is feasible for routine clinical treatment and was well tolerated by all participants. Future studies should investigate the effects of anodal and cathodal HD-tDCS in healthy subjects as well as in patient populations.
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